We perform an optical study of sulforhodamine B and sulforhodamine 101 molecules solved in water droplets ͑reversed micelles͒ that are stabilized by a surfactant and suspended in various mixtures of heptane and toluene. While the dielectric permittivity of the surrounding medium varies with the proportions of heptane and toluene, the chemical environment of the dye molecules always remains the same. The modifications of the optical properties of the dye molecules can then be solely attributed to the effect of surrounding dielectric medium on the electromagnetic field. As predicted by the theory, the amplitude of the luminescence spectrum of a given type of dye molecules increases with the refractive index of the microemulsion while the amplitude of the absorption spectrum remains almost unchanged. The various experimental results are also used to evaluate the radiative lifetimes of the dye molecules in the various microemulsions using three different approaches: ͑i͒ from the luminescence decay times using a Fermi's golden rule description of the spontaneous emission process taking into account the variations with the surrounding dielectric medium of both the local electromagnetic field and the density of available photon modes, ͑ii͒ from the variation of the intensity of luminescence as a function of the luminescence decay time, and ͑iii͒ from the absorption spectra using a modified Einstein relation between absorption and emission. An excellent agreement between the three methods is found for sulforhodamine 101. For sulforhodamine B, there are discrepancies between the values obtained from the luminescence and absorption measurements.
I. INTRODUCTION
It has been known for a long time that one can modify the optical properties of a molecule by changing its surrounding dielectric medium. These modifications arise from a change in the magnitude of the electric field acting on the dipole and from a change in the density of the electromagnetic modes. These modifications are difficult to study experimentally. As one changes the dielectric medium in which the molecule is embedded, one also changes its direct chemical environment. Consequently, one can hardly distinguish the modifications induced by a variation of the electromagnetic field from those induced by other effects.
In a recent paper, Lavallard et al. ͓1͔ considered a system taking advantage of the structure of water-in-oil microemulsions. It is composed of water droplets coated by a monolayer of surfactant, the so-called ''reversed micelles,'' contained in an hydrophobic solvent ͑see Fig. 1͒ . By dissolving dye molecules in the water droplets, one obtains an excellent system for studying the effects of the dielectric medium on their optical properties: the surrounding dielectric medium varies with the solvent, but the direct chemical environment of the dye molecules always consists of water molecules.
Lavallard et al. ͓1͔ used such a system to study the spontaneous emission of sulforhodamine B molecules. In the present paper, we perform a more complete optical characterization of sulforhodamine B and sulforhodamine 101 molecules in micelles contained in various mixtures of heptane and toluene. The experimental characterization includes measurements of absorption spectra, luminescence spectra and luminescence decay times. The various solvent mixtures allow a variation of about 15% of the dielectric permittivity of the surrounding medium.
The theory for the optical absorption and emission of a dipole in a dielectric medium has been known since long and it can easily be applied to our specific problem. We verify that the measured absorption and luminescence spectra of the dye molecules behave as expected, both in their spectral distribution and in their amplitude, when the solvent is varied. We also determine the radiative lifetimes of the dye molecules in the various microemulsions by using three different approaches: ͑i͒ from the luminescence decay times using a Fermi's golden rule description of the spontaneous emission process, ͑ii͒ from the relation between the intensity of luminescence and the luminescence decay time, and ͑iii͒ from the absorption spectra using a modified Einstein relation be- The paper is organized as follows. In Sec. II, we give the experimental details pertaining to the preparation and the optical characterization of the samples. In Sec. III, the theoretical relations underlying our analysis are exposed. In Sec. IV, experimental results are presented and discussed.
II. EXPERIMENTAL DETAILS
The experiments are performed in water/AOT/oil ternary systems, where AOT stands for the sodium bis͑2-ethylhexyl͒sulfosuccinate sodium salt surfactant molecule. The oil phase ͑solvent͒ is a mixture of heptane and toluene. Each microemulsion is identified as h:t, where h and t are the volumic fractions of heptane and toluene, respectively. In all samples, the AOT and water concentrations are taken equal to 0.1 mol/l and 0.8 mol/l, respectively. For the heptane microemulsion ͑100:0͒, this water to AOT molar ratio ( 0 ϭ8) leads to micelles with a radius of the order of 1.5 nm, ͓4͔ so the concentration of micelles is about 1.7ϫ10
Ϫ3 mol/l. Since the micelle radius is essentially determined by the relative concentration ratio between water and AOT, in a rough approximation it does not change with the toluene concentration. This appears to be true for all of our samples except the 75:25 microemulsion which behaved somewhat differently from the others. Even after a few days, residual light scattering was still visible in this case as a consequence of the presence of much larger micelles. This observation which is specific to the 75:25 proportion is thought to arise from a singular point in the water/AOT/heptane/toluene phase diagram. Two types of dye molecules are used: sulforhodamine 101 and sulforhodamine B. The dye molecules are dissolved in the aqueous phase before its incorporation into the AOT oil mixture. For both types of molecules, the concentration is chosen as 7
ϫ10
Ϫ6 mol/l, so less than one percent of the micelles contain one dye molecule.
The refractive indices of heptane and toluene are taken from Ref. ͓5͔. Since these refractive indices only differ by about 7%, the refractive index of the heptane-toluene mixture is obtained from the volume-fraction average of their refractive indices ͓6͔. The refractive index of the resulting microemulsion is then evaluated with Eq. ͑1͒, as explained in Sec. III A. Since the resulting index for the microemulsion shows some dispersion, values averaged over the absorption (n A ) and emission (n F ) spectra are used for both molecules. Those average values are presented in Table I. For the optical characterizations, the microemulsions are placed in a 1 cm pathlength quartz cuvette and all measurements are performed at temperature of 23C. Absorption spectra are measured on a commercial Shimadzu UV-160A recording spectrophotometer. Luminescence measurements are obtained with an Ar laser excitation in a perpendicular configuration, where the excitation enters by the side face of the cuvette, while detection is performed from the front face, always focusing at the same point in the cuvette. The excitation beam hits the cuvette close to the front face in order to minimize reabsorption. Time-resolved photoluminescence measurements are performed by exciting the dye molecules at 610 nm with a dye laser ͓7͔ synchronously pumped by a mode-locked Ar laser and cavity dumped with a repetition rate of 4 Mhz. The detection system is tuned near the maximum of the luminescence spectrum: 588 nm for sulforhodamine B and 606 nm for sulforhodamine 101. A fast photomultiplier system ͑Hamamatsu R38090-01͒ and a timeto-amplitude converter provide a time resolution of 50 ps. In order to minimize the effect of rotation of polarization ͓8͔, circular polarizations are used in the excitation and detection paths with the help of combinations of a quarter-wave plate and a polarizer. The experimental decay curves are fitted by a single exponential law from about 3 ns to 18 ns after the laser pulse. The precision on the measured luminescence de- cay times is thus quite high, being of the order of 0.1%. We have verified that the measured decay times are not dependent on the excitation and detection wavelengths.
III. THEORY
In this section, we present a dielectric model for the micelles that allows both the evaluation of the refractive index of the microemulsion corresponding to a given heptanetoluene mixture and the evaluation of the local field acting on a dye molecule contained within a micelle. The influence of the microemulsion refractive index on the absorption and emission processes of dye molecules within micelles are then discussed. Finally, three methods for evaluating the radiative lifetimes of the dye molecules are presented.
A. Dielectric model
The micelles in dilute water-in-oil microemulsions can be modeled as concentric spheres consisting of a water core and a surfactant layer with optical frequency relative dielectric permittivities ⑀ r,w ϭ1.77 and ⑀ r,s ϭ2.2, ͓9͔ as depicted in Fig. 1 . This model has been introduced by Ricka et al. to interpret light scattering measurements ͓9͔.
We restrict our investigation to micelles that are much smaller in diameter than the wavelength of light. This brings two important simplifications in the theoretical description of the optical processes. First, the density and the propagation characteristics of the electromagnetic modes are determined by an effective refractive index for the microemulsion. Second, for a given electromagnetic mode, the relation between the electric field magnitudes inside and outside a micelle is similar to that of an electrostatic field ͓10͔.
The refractive index of the microemulsion can easily be obtained by generalizing a treatment for spheres in a dielectric medium ͓11͔ to the case of coated spheres in a dielectric medium. For a low volume concentration of micelles, starting from the expression for the polarizability of a micelle ͓9͔ such a simple treatment gives
where ⑀ r,sol is the relative dielectric permittivity of the solvent, w and s are respectively the volume fractions of water and surfactant. A more refined model should take into account the contribution of the dye molecules to the refractive index of the microemulsion. We have estimated that this contribution amounts to one part in a million for our samples and is thus negligible.
To discuss optical properties of a dye molecule contained within a micelle, one must determine the local field acting on it. To do so, we first write the ratio B(n) between the electric field inside a micelle and the outer electric field in the microemulsion as a function of the refractive index n ͓10͔:
with ⌫ϭ(b/a) 3 where a is the total droplet radius and b is the radius of the water core. We consider that the local field E ជ loc acting on the dye molecule is proportional to the field within the micelle and is thus related to the outer electric field E ជ by
where B 0 is assumed independent of the refractive index of the microemulsion for a given type of dye molecule. Using a more refined model taking into account the cavity field and the reaction field of the dipole, we have verified that it is a good approximation to consider B 0 constant for our samples. In the following, the exact value of B 0 is not needed and this parameter is used as an undetermined constant.
B. Absorption
We determine how the absorption coefficient related to a given type of dye molecules within micelles varies with the solvent through the variation of the microemulsion refractive index. For simplicity, we first consider the case of a concentration N of two-level systems contained within micelles. In the dipolar approximation, a semiclassical Fermi's golden rule treatment of the optical absorption ͓12͔ gives for the absorption coefficient:
͑4͒
where ͉i͘ and ͉ f ͘ are the initial and final states of the transition with energies E i and E f , is the angular frequency of the incoming light beam, n A is the refractive index of the microemulsion at the absorption frequency, ជ is the polarization of the incoming light beam, E is the electric field amplitude outside the micelle, c is the speed of light, and ⑀ 0 is the vacuum permittivity. The dependence of the numerator on the refractive index of the microemulsion reflects the local field correction. The denominator dependence reflects the variation of the photon flux with the refractive index. It is straightforward to generalize this two-level treatment to the case of dye molecules with levels broadened by the interaction with vibration modes. The resulting expression takes the following simplified form, where all dependencies on the refractive index of the microemulsion are explicitly shown:
Since the direct chemical environment of a molecule within a micelle is assumed unchanged when the solvent is varied, we consider that ␣ 0 () is independent of the solvent for a given type of molecules. As a result, for a given concentration of dye molecules within micelles in various solvents, Eq. ͑5͒ indicates that there should be no variation of the spectral distribution of the absorption coefficient and that the amplitude of the coefficient should vary as B(n A ) 2 /n A .
C. Luminescence
Like for the absorption spectrum, we determine how the luminescence spectrum of a given type of dye molecules within micelles varies with the solvent. We assume that the thermalization of the excited-state manifold of a molecule is much faster than the radiative emission. Since the direct chemical environment of a molecule is the same whatever the solvent, we assume that the nonradiative processes do not depend on the nature of the solvent.
We start again with the simple case of a two-level system contained within a micelle. Using a quantized electromagnetic field, the spontaneous emission rate can be extracted from the field-independent part of the transition rate W l obtained with a Fermi's golden rule treatment of the interaction of the system with mode l ͑angular frequency l ) ͓13͔:
where n F is the microemulsion refractive index at the emission frequency. In this equation, the electric field magnitude E l of mode l varies like the inverse of the refractive index n F ͓13͔. The local field correction is taken care of by the factor B 0 B(n F ). When integrating Eq. ͑6͒ over the electromagnetic modes to obtain the spontaneous emission rate, the electromagnetic mode density introduces an n F 3 dependence ͓13͔. This treatment can again be easily generalized to the case of dye molecules. It leads to the following simple expression for the radiative lifetime r , where all n F dependencies are explicitely shown:
where r0 is a constant that depends only on the type of molecule.
The relation between the luminescence decay time and the radiative lifetime takes the usual form:
where the nonradiative lifetime nr is assumed independent of the solvent. The intensity of luminescence I lum varies with the solvent proportionally to the quantum efficiency :
Consequently, from the above considerations, the spectral distribution of the luminescence spectrum of a given type of dye molecules should not vary with the solvent and the amplitude should vary accordingly to Eq. ͑9͒.
D. Radiative lifetimes
We consider three different methods for evaluating the radiative lifetimes. In the first method, we rely on the variation of the luminescence decay time with the index of refraction of the solvent, as in Ref. ͓1͔. Combining Eqs. ͑8͒ and ͑7͒, we write 1
By measuring the luminescence decay times of a given dye molecule in various microemulsions while calculating B(n F ) with Eq. ͑2͒, the constant values of nr and r0 can easily be determined from a linear regression. The radiative lifetimes are then readily obtained from Eq. ͑8͒.
In the second method, the radiative lifetimes are estimated from the variations of the intensity of luminescence and the luminescence decay time with the various solvents by using Eq. ͑9͒ written as
͑11͒
where I 0 is a constant. Again, a linear regression allows the determination of nr for a given type of dye molecules. The radiative lifetimes are then easily obtained from Eq. ͑8͒.
In the third method, we rely on the well known StricklerBerg formula ͓2͔ that relates the radiative lifetime to the absorption spectrum. The following form has been proposed by Birks and Dyson to take into account the fact that the indices of refraction are not exactly the same at the absorption and emission frequencies ͓3͔:
where ⑀() is the molar extinction coefficient in units of l/͑cm mole͒, is the light frequency expressed in cm Ϫ1 , and ͗ Ϫ3 ͘ is the mean value of 1/ 3 evaluated over the luminescence spectrum.
IV. EXPERIMENTAL RESULTS AND DISCUSSION
The experimental absorption and luminescence spectra of dye molecules in various microemulsions are first presented and compared to the theoretical expectations of Secs. III B and III C. The radiative lifetimes of the dye molecules in the 0:100, 25:75, 50:50, 75:25, and 100:0 microemulsions are then determined from the various experimental measurements using the three approaches presented in Sec. III D.
A. Absorption
Figure 2 presents the absorption spectra for sulforhodamine 101 and sulforhodamine B in the toluene ͑0:100͒ and heptane ͑100:0͒ microemulsions. The spectra are normalized to a dye molecule concentration of 7ϫ10 Ϫ6 mol/l. For both molecules, the two spectra almost superimpose. It is also the case for the spectra corresponding to the other microemulsions, those spectra having been omitted from Fig. 2 for clarity. Thus, as expected, the spectral distribution of the absorption spectrum does not vary with the solvent. This supports the assumption that the direct chemical environment of the dye molecules within micelles remains the same, whatever the solvent. Furthermore, since Fig. 2 also shows that the magnitude of the absorption spectrum is almost constant for a given dye molecule, we conclude from Eq. ͑5͒ that the factor B(n) 2 varies almost linearly with n. This is in good agreement with the theoretical expression for B(n) ͓Eq. ͑2͔͒ which suggests that B(n) 2 /n varies only by 2.4% over the range of indices considered. Figure 3 shows the luminescence spectra for sulforhodamine 101 and sulforhodamine B in the toluene ͑0:100͒ and heptane ͑100:0͒ microemulsions. For a given dye molecule, the spectra are normalized to the same absorbed power by dividing by the absorption coefficient at the excitation wavelength ͑514.5 nm͒. They are also multiplied by n F 2 to correct for the variation of the cone of detection with the refractive index of the microemulsion ͓14͔. Consequently, for a given dye molecule, the comparison of amplitudes between spectra corresponding to different solvents has a physical meaning. The difference of amplitude between spectra of different dye molecules has been introduced for aesthetic purpose.
B. Luminescence
As expected, the spectral distribution of the luminescence spectrum does not vary with the solvent. For sulforhodamine B, the amplitude of the spectrum increases as the index of refraction of the microemulsion increases. From the absorption spectra, we know that the factor B(n) 2 increases linearly with n. According to Eq. ͑9͒, the luminescence intensity should effectively increase when going from heptane to toluene since the refractive index of the microemulsion increases.
For sulforhodamine 101, the amplitudes of the spectra corresponding to the two solvents are not much different. In that case, the spontaneous emission rate also increases when going from heptane to toluene. Nevertheless, as we will see below, the nonradiative processes are so weak ( nr ӷ r ) that the modification of the spontaneous emission rate barely affects the luminescence efficiency ͓see Eq. ͑9͔͒ that is already quite high.
C. Radiative lifetimes

First method
The measured luminescence decay times are presented in Table I . Figure 4 shows the data as a function of B(n F ) 2 n F along with the results of the linear regression suggested by Eq. ͑10͒. The value of ⌫ used in the evaluation of B(n F ) ͓see Eq. ͑2͔͒ is FIG. 2. Absorption spectra for sulforhodamine 101 and sulforhodamine B in the toluene ͑0:100͒ and heptane ͑100:0͒ microemulsions. The absorbance has been measured on a 1 cm pathlength. The spectra are normalized to a concentration of dye molecules of 7ϫ10 Ϫ6 mole/l.
FIG. 3.
Luminescence spectra for sulforhodamine 101 and sulforhodamine B in the toluene ͑0:100͒ and heptane ͑100:0͒ microemulsions. The spectra are normalized to the same absorbed power and are corrected for the variation of the cone of detection with refractive index of the microemulsion.
FIG. 4. Luminescence decay times plotted versus B(n F )
2 n F for sulforhodamine 101 and sulforhodamine B in the various microemulsions. The results of the linear regression suggested by Eq. ͑10͒ are also presented.
where v s ϭ0.61 nm 3 and v w ϭ0.03 nm 3 are the volumes of the surfactant and water molecules, respectively ͓9͔.
For both molecules, the observed linear relationship is excellent. For sulforhodamine B, we obtain nr ϭ4.8Ϯ0.25 ns and r0 ϭ10.5Ϯ0.7 ns. The value of nr is in excellent agreement with the value previously reported in Ref. ͓1͔. It shows the high degree of reproducibility of these measurements since the present characterization has been performed on samples different from those used in Ref. ͓1͔. For sulforhodamine 101, we obtain nr ϭ17.8Ϯ1 ns and r0 ϭ8.1 Ϯ0.1 ns.
The resulting radiative lifetimes r and quantum efficiencies are also presented in Table I . We see that the radiative lifetime increases with the proportion of heptane, i.e,. as the refractive index of the microemulsion decreases. The quantum efficiency decreases when the percentage of heptane increases. It is interesting to note that even if we obtain a high quantum efficiency for sulforhodamine 101, it differs from the 100% value often reported for rhodamine 101 dissolved directly ͑not in micelles͒ in many solvents ͓15-17͔. The values obtained in our microemulsions are nevertheless of the same order as that reported by Frank et al., i.e., 71%, for rhodamine 101 dissolved in water ͓15͔. In fact, we can consider the limiting case of sulforhodamine 101 in water by letting ⑀ r,s ϭ⑀ r,sol ϭ⑀ r,w ϭ1.77 in our expressions and by using the values for nr and r0 found above. We obtain a quantum efficiency of 69% that is very close to the 71% obtained by Frank et al. for rhodamine 101 ͓15͔.
Second method
Very precise measurements of the amplitude of luminescence are difficult to perform. As previously noted in Sec. III C, our measured spectra are divided by the absorption coefficient at the excitation wavelength and corrected for the variation of the cone of detection with the index of refraction of the microemulsion. Combining the error on the luminescence measurement and the error on the absorption coefficient, we estimate the precision of our integrated luminescence intensities to about 2.5%.
The integrated luminescence intensity is plotted against the luminescence decay time in Fig. 5 for the two dye molecules. For each molecule, the straight line represents the linear regression suggested by Eq. ͑11͒. This regression gives nr ϭ21 ns for sulforhodamine 101 and nr ϭ4.5 ns for sulforhodamine B. The precision on the experimental measurements is too low to expect a high precision for those nonradiative lifetimes and for the resulting radiative lifetimes r lum presented in Table I . Nevertheless, those low-precision values are quite close to those resulting from the first method. To further show that the observed variation of the luminescence intensity is in agreement with the results obtained with the first method, the dotted lines in Fig. 5 represent best fits of Eq. ͑9͒ with I 0 taken as an adjustable parameter and with the values of nr obtained with the first method. It can be appreciated that the experimental data agree with the results of the first method. Let us insist on the fact that the second method is independent of the theoretical model chosen to describe the local field acting on the molecules.
A comment about the misbehaving fourth point for sulforhodamine 101 in Fig. 5 . It corresponds to the 75:25 microemulsion. As described before, the absorption coefficient measured at the excitation wavelength ͑514.5 nm͒ is about 6% higher compared to the other samples. If we force a value which disregard this effect, leading to an absorption coefficient value that is more in accordance with those of the other samples, we now have a point in Fig. 5 that goes up and stands very close to the fitted curve.
Third method
The radiative lifetimes r abs evaluated with the StricklerBerg formula ͓Eq. ͑12͔͒ are included in Table I . The ratios between these values ( r abs ) and those obtained with the first method ( r ) are illustrated in Fig. 6 . Disregarding the possible violation of the assumptions underlying the StricklerBerg formula, the uncertainty on the values of r abs is estimated to one percent, the precision of the absorption coefficient measurements. There is another source of error that is difficult to quantify when applying the Strickler-Berg formula. It is related to the fact that it is sometimes difficult to isolate the part of the absorption spectrum that belongs to the S 0 -S 1 transition. In our spectra, this uncertainty is mostly present for sulforhodamine 101.
For sulforhodamine 101, the agreement between the values of r abs and r is almost perfect. The ratio is equal to 0.98 within experimental error for all microemulsions. This constant value is indicated by the dotted line in Fig. 6 . In that case, the agreement between the first method and the Strickler-Berg formula provides a striking mutual confirma- tion of the validity of the assumptions underlying both approches.
For sulforhodamine B, the values of r abs and r agree up to a constant factor of 0.57, within experimental error. This constant factor is also indicated by a dotted line on Fig. 6 . The fact that we obtain a constant value for the ratio indicates that our description of the effect of the surrounding dielectric medium is adequate and applies to both the absorption and emission. We tentatively attribute the departure from unity of the ratio to the existence of different protolytic forms of the dye and to the occurence of protolytic reactions in the excited state ͓18͔. Consequently, one of the basis assumption of the Strickler-Berg formula would be violated.
V. CONCLUSION
We have performed a detailed study of the optical properties of sulforhodamine 101 and sulforhodamine B molecules within micelles contained in various mixtures of heptane and toluene. We have verified that the absorption and luminescence spectra of the molecules vary like expected theoretically when the index of refraction of the microemulsion varies. The system considered is thus an excellent tool for studying the effect of the surrounding dielectric medium on the optical properties of dye molecules. Three different methods have been used to evaluate the radiative lifetimes of the dye molecules in the various microemulsions. All the methods gave similar results but the Strickler-Berg formula for sulforhodamine B. Obviously, one of the underlying assumptions of the Strickler-Berg formula is violated for sulforhodamine B within a micelle. Of the three methods used, the first one based on the the variation of the luminescence decay time with the refractive index of the microemulsion appears to be the most reliable. It relies on a simple theoretical model and on very precise experimental measurements. The precision on the resulting radiative lifetimes could be increased from that of the present study by considering solvents covering a wider range of permittivities. From a practical point of view, increasing the precision of this method would provide a convenient tool for obtaining precise reference solutions for measuring quantum efficiencies.
